The evolution of microstructure and microhardness was studied in a commercial 5483
Introduction
It is well known that grain refinement leads to a significant increase in strength in metals due to the Hall-Petch relationship [1, 2] which correlates the mechanical properties with microstructural features such as the grain size. This relationship demonstrates the potential for improving the mechanical strength by reducing the grain size and this has been a major driving force in the development of ultrafine grained (UFG) and nanocrystalline (NC) materials. In practice, these materials are most readily produced in bulk form by subjecting materials to severe plastic deformation (SPD).
A number of techniques are now available for the SPD processing of metals [3] [4] [5] [6] but the procedures receiving the most attention are equal-channel angular pressing (ECAP) [7] and high-pressure torsion (HPT) [8] . Both of these methods impose high strains but in practice the largest strains are imposed by HPT and, by comparison with other available SPD procedures, HPT processing gives the smallest grains [9, 10] and the highest fraction of highangle grain boundaries [11] .
During HPT processing, a thin disk is placed horizontally between two massive anvils, it is subjected to a high pressure and then strained torsionally through rotation of one of the anvils. In order to compare the shear strain in HPT with linear strain values for other SPD methods, the equivalent von Mises strain, ε eq, is expressed for HPT as [12] 3 2 ε eq h Nr
where N is the number of turns, r is the distance from the centre of the disk and h is the sample thickness. It follows from eq. (1) that the strain varies across the disk and reaches zero at the disk centre where r = 0. This suggests that the microhardness distributions will be extremely inhomogeneous but numerous reports show there is usually a gradual evolution 2 with increasing strain towards a reasonable level of structural homogeneity [13] [14] [15] [16] [17] [18] [19] .
Furthermore, this evolution is consistent with theoretical modelling [20] .
Only limited information is currently available on the microstructure and mechanical
properties of 5XXX series aluminium alloys processed by HPT. There are also shortcomings in the data because the disks are often processed up to only 5 turns of HPT [21, 22] which may be insufficient to attain a high level of homogeneity and there has been no attempt to evaluate the significance of the grain boundary (GB) characteristics, and especially the boundary misorientations, in determining the properties of the alloy. In practice, the GB characteristics are important in metals processed by SPD because the misorientation angles change significantly during processing such that many of the low-angle grain boundaries (LAGBs)
evolve into high-angle grain boundaries (HAGBs). There have been some discussions on the influence of the GB misorientation distributions on the mechanical properties [23, 24] but there are only limited experimental results to address this problem [25] [26] [27] . Accordingly, the present research was initiated to evaluate the influence of HPT processing on the grain refinement, grain boundary characteristics and the homogeneity of a commercial AA5483 aluminium alloy processed by HPT.
Experimental material and procedures
The material investigated in this study was a hot-pressed commercial AA5483 aluminium alloy containing 5% Mg and 1% Mn with an average grain size of ~25 µm. The material was cut into disks with diameters of 10 mm and thicknesses of ~0.8 mm. These disks were polished and then processed at room temperature using quasi-constrained HPT [28, 29] with a constant pressure of 6.0 GPa and a rotation speed of 1 rpm. Disks were torsionally strained through different numbers of revolutions, N, up to a maximum of 10.
After HPT processing, microhardness measurements were conducted on the polished surfaces of disks using an FM-300 microhardness tester. These measurements were taken 3 under a load of 100 g and a dwell time of 10 s. The values of the Vickers microhardness, Hv, were recorded for each disk both along a diameter with a separation between points of 0.3 mm and over the total areas of selected disks following a rectilinear grid with a spacing of 0.3 mm between each consecutive point.
For inspection using transmission electron microscopy (TEM), small disks with a diameter of 3 mm were punched from the edge regions of each disk so that the areas of observation were ~3.5 mm from the central points. This is shown in Fig. 1 where the illustration on the right depicts three different orientations for the TEM disks: orientation 1 is parallel to the HPT disk plane and orientations 2 and 3 are on the cross-sectional planes and either parallel or perpendicular to the rotation direction, respectively. These disks were cut using a focus ion beam microscope Hitachi FB 2100 and then experimental data were collected using an Hitachi 5500 STEM operating at an accelerating voltage of 30 kV. The microstructures were evaluated quantitatively using a computer-aided image analyzer. The grain sizes were described in terms of the equivalent grain diameter, d eq , defined as the diameter of a circle with a surface area equal to the surface area of the grain. For the crosssectional planes, the short and long axes of elongated grains were also measured. The standard deviations (SD) were estimated for all grain populations.
The GB misorientations were determined for samples cut parallel to the disk plane in orientation 1 using TEM with the Kikuchi patterns obtained for adjacent grains using convergent beam electron diffraction (CBED) [30] . Diffraction images were taken from neighbouring grains with a high resolution scanning TEM (Hitachi HD 2700) and then processed using a KILIN program to calculate the crystallographic orientations of individual grains and the misorientations across the GBs. 
Experimental results

Evolution of microstructure during HPT
A series of representative TEM images are recorded in Fig Table 1 . After 10 revolutions the grain size was measured as ~70 nm which is significantly smaller than the size of ~100 nm recorded for the same alloy after processing by ECAP followed by hydrostatic extrusion [27] or ~200 nm recorded for the same alloy after processing after processing by hydrostatic extrusion [31] .
Images taken from the two cross-sectional planes provide information on the threedimensional size and shape of the grains formed during HPT processing. On plane 2 the grains are highly elongated with respect to the shearing direction and lie at angles between 45° and 55° to the disk plane. Measurements showed the shortest axes decreased with increasing N from ~100 nm for 1/2 turn to ~40 nm after 10 turns. A similar tendency was found on plane 3 as summarized in Table 2 but for this plane the grains were elongated along the disk diameter and the elongation was parallel to the surface.
Careful examination showed there were also differences in the grain size distributions.
Processing with only 1/2 turn of HPT produced a highly inhomogeneous structure ( Fig. 2a) with relatively large grains having diameters of ~1 µm surrounded by smaller grains with diameters from 100 to 200 nm. With increasing N, it is apparent that the grain structure gradually becomes more homogenous.
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The distributions of GB misorientations angles are shown in Fig. 3 for samples processed through 1/2, 1, 5 and 10 turns with at least 100 boundaries examined in each sample. In general, the number fractions of LAGBs decrease and the number fractions of HAGBs increase with increasing N. The shapes of these distribution diagrams are typical for materials processed by SPD and in the present investigation the fraction of HAGBs reached a maximum of 80% after 10 turns.
Microhardness evolution across the disk diameters after HPT
The microhardness distributions across the disk diameters are shown in 
Microhardness distributions over the total disk surfaces after HPT
Microhardness values were recorded following a grid pattern over the total surface of selected disks and the results are plotted as color-coded contour maps in 
Discussion
Influence of applied strain on the microstructure and disk homogeneity
The present results provide unambiguous evidence that reasonably homogenous disks of the commercial AA5483 aluminium alloy may be obtained through HPT processing provided the straining is continued through a sufficient number of turns. This evolution is clearly visible in the microhardness diagram in Fig. 4 and the color-coded maps in Fig. 5 .
Nevertheless, there is a considerable hardness inhomogeneity after low numbers of turns and this is generally consistent with eq. (1). The gradual evolution to a high level of homogeneity has been reported for numerous materials [15, 18, [32] [33] [34] [35] [36] although recent results documented an inability to achieve homogeneity in the NiTi shape memory alloy even after processing through 40 turns [37] .
It is instructive to note that the HPT processing of the Al-5483 alloy produced a UFG structure even in the initial stages of torsional straining. Thus, processing by only 1/4 turn produced an average grain size of ~175 nm. However, there was a considerable inhomogeneity in the grain size distribution after 1/4 turn with a large scatter in the grain size distribution. By contrast, after 10 turns the average grain size was reduced to ~70 nm and there was only a relatively small scatter in the grain size distribution. This level of grain 7 refinement is exceptionally large by comparison with other aluminium alloys processed by HPT. For example, the average grain sizes were ~500 nm in the AA7075 alloy after 10 revolutions [17], ~250 nm in AA6061 after 10 revolutions [14] and ~230 nm in an Al-1% Mg alloy after 10 revolutions [19] .
There are also significant changes in the GB character distributions with increasing HPT turns. In the samples processed through small numbers of turns the distributions of GB misorientation angles is relatively wide with a high fraction of LAGBs of >40%. With increasing numbers of turns, there is a gradual increase in the misorientation angles and an evolution into HAGBs. Thus, after 10 turns approximately 80% of GBs have high angles of misorientation.
Hardness evolution as a function of applied strain
It was noted in an early report that hardness data of the type shown in Fig. 4 may be successfully correlated by plotting all of the datum points in the form of Hv against the equivalent strain [38] . This approach has been used for a large number of different metals [39] [40] [41] [42] [43] [44] [45] and a comprehensive review of the available data is now available [46] . Figure 6 shows a plot of Hv against equivalent strain where the strain was estimated using eq. (1).
Thus, all of the datum points scatter about a curve but there is a general levelling of the results and a reasonable saturation condition is attained after an equivalent strain of ~150.
It was shown in the review on hardness distributions after HPT that the microhardness is generally consistent with one of three possible models: (i) there may be strain hardening with an ultimate saturation and no evidence for any recovery, (ii) there may be strain hardening with recovery and then a saturation or (iii) there may be a strain weakening [46] .
The results in Fig. 6 follow the first model with rapid strain hardening up to a strain of ~20, moderate strain hardening thereafter and then saturation above a strain level of ~150. The strain of ~150 which is required to attain saturation is higher than in some other similar 8 aluminium-based alloys. For example, the saturation strain was ~30 in an Al-1% Mg solid solution alloy [19] and ~50 in an Al-0.6% Mg-0.4% Si alloy [33] . However, the material used in the present investigation contained 5% of Mg and therefore recovery was more difficult compared to these other materials where there was a much lower content of alloying elements. Therefore, it is reasonable to anticipate that the saturation condition will be reached at a significantly higher strain as shown by the maximum strain of ~200 recorded at the edge of the sample deformed through 10 turns. A lack of saturation for strains lower than ~150 in the present alloy is consistent with the microstructural observations where continuous grain refinement was observed with increasing numbers of turns as shown in Fig. 2 . It is also consistent with earlier experimental data on an Al-6061 alloy processed by HPT [47] .
The significance of GB characteristics in tailoring mechanical strength
The present results in Fig. 2 and Tables 1 and 2 show that HPT processing leads to a pronounced microstructural refinement in the 5483 aluminium alloy and therefore it is important to evaluate the significance of the GB characteristics.
The influence of grain size on the mechanical properties is usually written in the form of the Hall-Petch relationship either for the yield flow stress or for hardness. Thus,
where σ is the flow stress at a given plastic strain, σ o and k y are material constants and d is the average grain size or
where H is the hardness and H o and k H are material constants.
Both of these relationships have been confirmed for numerous materials [5, [48] [49] [50] [51] [52] [53] [54] covering a wide range of grain sizes varying from hundreds of micrometers to dozens of nanometers. However, for very small grain sizes there are reports of a deviation from the typical Hall-Petch relationship and several recent reports have examined the significance of 9 the Hall-Petch relationship for these ultrafine grains [55] [56] [57] . For example, there is evidence for an inverse Hall-Petch effect at very small grain sizes, typically below ~25 nm [58] , but there are also experimental results showing both essentially an independence of grain size at small grain sizes [33] and a significant increase in slope when the grain size is very small [59] . The reasons for these variations are not yet understood but it seems likely that differences in the GB characteristics play an important role.
In order to check the applicability of the Hall Fig. 3 . The significance of GB character distribution in tailoring the mechanical strength of metals was noted earlier for conventional coarse-grained materials where it was shown for an austenitic stainless steel that a higher fraction of special GBs led to a weaker strengthening effect [60] . For SPD processed materials, the GBs differ in their misorientation angles as a direct consequence of the microstructural evolution during processing. Thus, as the applied strain increases, the distribution in the misorientation angles is shifted to higher values so that the fractions of HAGBs increases from about 55% to 80% when increasing the torsional straining from 1/2 to 10 turns, respectively.
It is well established that slip transfer through LAGBs is much easier by comparison with HAGBs and therefore they represent weaker barriers for the movement of lattice dislocations. The present results are consistent with a phenomenological model proposed earlier in which the HAGBs are strengthening elements within the microstructure whereas the LAGBs make only a minor contribution to the strength of the material [24] . This effect may be correlated with a model in which the stress is enhanced at HAGBs due to the formation of dislocation pile-ups and yielding then takes place when the stress is sufficiently large to initiate slip from one grain to the next. In this model, the LAGBs are then less effective in impeding dislocation slip due to the relatively smaller crystallographic misalignment across the grain boundaries.
Summary and conclusions
1. A commercial 5483 Al-5Mg alloy was processed by high-pressure torsion for various amounts of torsional straining between 1/4 and 10 turns.
2. The results show the microstructure evolves with torsional straining so that there is a continuous reduction in the average grain size, an increase in the average boundary misorientation angle and a corresponding narrowing in the grain size distribution.
3. After 10 turns, the average grain size was ~70 nm, the fraction of high-angle grain boundaries was about 80% and the microhardness was reasonably homogeneous across the disk with a saturation Vickers microhardness of Hv  240 that was attained at equivalent strains at and above ~150. showing the initial state and after HPT. Table 2 Grain width and grain elongation in the cross-sectional planes parallel (plane 2) and perpendicular (plane 3) to the rotation direction. Table 2 Grain width and grain elongation in the cross-sectional planes parallel (plane 2) and perpendicular (plane 3) to the rotation direction.
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